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ABSTRACT

The field of viral metagenomics has expanded our understanding of viral diversity from all three domains of life (Archaea, Bacte-
ria, and Eukarya). Traditionally, viral metagenomic studies provide information about viral gene content but rarely provide
knowledge about virion morphology and/or cellular host identity. Here we describe a new virus, Acidianus tailed spindle virus
(ATSV), initially identified by bioinformatic analysis of viral metagenomic data sets from a high-temperature (80°C) acidic (pH
2) hot spring located in Yellowstone National Park, followed by more detailed characterization using only environmental sam-
ples without dependency on culturing. Characterization included the identification of the large tailed spindle virion morphol-
ogy, determination of the complete 70.8-kb circular double-stranded DNA (dsDNA) viral genome content, and identification of
its cellular host. Annotation of the ATSV genome revealed a potential three-domain gene product containing an N-terminal leu-
cine-rich repeat domain, followed by a likely posttranslation regulatory region consisting of high serine and threonine content,
and a C-terminal ESCRT-III domain, suggesting interplay with the host ESCRT system. The host of ATSV, which is most closely
related to Acidianus hospitalis, was determined by a combination of analysis of cellular clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas loci and dual viral and cellular fluorescence in situ hybridization (viral FISH) analysis of envi-
ronmental samples and confirmed by culture-based infection studies. This work provides an expanded pathway for the discov-
ery, isolation, and characterization of new viruses using culture-independent approaches and provides a platform for predicting
and confirming virus hosts.

IMPORTANCE

Virus discovery and characterization have been traditionally accomplished by using culture-based methods. While a valuable
approach, it is limited by the availability of culturable hosts. In this research, we report a virus-centered approach to virus dis-
covery and characterization, linking viral metagenomic sequences to a virus particle, its sequenced genome, and its host directly
in environmental samples, without using culture-dependent methods. This approach provides a pathway for the discovery, iso-
lation, and characterization of new viruses. While this study used an acidic hot spring environment to characterize a new ar-
chaeal virus, Acidianus tailed spindle virus (ATSV), the approach can be generally applied to any environment to expand knowl-
edge of virus diversity in all three domains of life.

Our knowledge and understanding of archaeal viruses (viruses
that infect Archaea) are limited. Only 117 archaeal viruses are

described at some level, with only a few being characterized in any
significant depth (1–4). Remarkably, these relatively few archaeal
viruses have formed 16 new virus families (5) and have expanded
our appreciation of virion morphology, diversity, and gene con-
tent (5–7). Known archaeal viruses infect just 16 of 98 known
genera of Archaea (8), further highlighting our lack of knowledge
of archaeal viruses. A recent study examining viral sequences
within bacterial and archaeal genomes found 12,498 new viral
sequences, further emphasizing our lack of knowledge of viruses
in natural systems and the need for more archaeal virus-specific
studies (9). Undoubtedly, many archaeal viruses remain to be dis-
covered, but discovery has been limited to primarily culture-based
approaches.

In recent years, viral metagenomics has emerged as a culture-
independent approach for exploring viral diversity in natural en-
vironments (10, 11). In marine environments, viral metagenomic
studies have significantly advanced our understanding of marine
viral ecology (12). These advances include the discovery of the
dominance of temperate viruses and fitness advantages of multi-
ple viral replication strategies (13); the discovery of ecological

drivers of viral community composition that help explain the high
viral diversity (74, 75); and the establishment of core, flexible, and
niche-containing gene sets (76). Additionally, knowledge of ge-
nomes from cultured ocean phages has been used to identify and
track viruses in viral metagenomes (14–16). These findings dem-
onstrate the value of viral metagenomics at the gene, community,
and population levels to inform viral ecology. Viral metagenomic
studies of acidic hot springs (17–19) and hypersaline environ-
ments (20, 21) have led to the discovery of partial and full genomes
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of new archaeal viruses as well as viral groups formed by the clus-
tering of related metagenomic contigs and estimates of total virus
community diversity (18, 22).

One limitation of traditional viral metagenomic approaches is
that they usually provide information about viral gene content but
lack information on virion morphology and host identity. How-
ever, advances over the past several years have provided promising
new tools for use in linking viral metagenomic sequences to cel-
lular hosts (12), using digital PCR (23), viral tagging (24), single-
cell genomics (25–27), and knowledge derived from the clustered
regularly interspaced short palindromic repeat (CRISPR)/Cas sys-
tem (20, 28). Even with these expanded tools, only a fraction of
viral metagenomic sequences have been linked to hosts, and even
fewer have been linked to a specific virus particle morphology.

In this study, we used viral metagenomic data to identify a new
archaeal virus, designated Acidianus tailed spindle virus (ATSV),
from Alice Spring, a high-temperature acidic hot spring in the
Crater Hills area of Yellowstone National Park (YNP). We were
able to determine the complete ATSV genome, identify its virion
morphology, and determine its host. All this was accomplished by
using culture-independent approaches, in effect closing the “viral
metagenomic loop” from fragmented environmental viral se-
quence data to complete-genome sequencing, virion isolation,
host identification, and confirmation by culturing.

MATERIALS AND METHODS
Viral metagenomics. An acidic hot spring in the Crater Hills area of YNP,
Alice Spring (CHAS) (CHAN0041; 82°C; pH 2.5; 44°39.179=N,
110°20.090=W), was chosen as a sampling site. A hot spring water sample
was collected in January 2008. Sample collection, virus purification, DNA
extraction, amplification by multiple-displacement amplification, GS
FLX 454 sequencing by the University of Illinois Sequencing Center, and
assembly were described previously (18).

Selection of the target viral metagenomic contig. A viral meta-
genome contig of interest was identified based on several criteria. First,
viral contigs with lengths of �5 kb were chosen. Next, contigs were
searched against the NCBI RefSeq protein database by using BLASTX to
identify viral hallmark protein signatures (29). Specifically, a contig con-
taining a putative virus major coat protein (MCP) was chosen as a candi-
date for virus tracking and purification.

Major coat protein cloning, expression, and purification and poly-
clonal antiserum production. The gene encoding the likely virion MCP
was PCR amplified from CHAS total community viral DNA by using a
nested-PCR approach (30). The PCR primers introduced a Shine-Dal-
garno sequence, an N-terminal 6�His tag, and attB sites to facilitate ho-
mologous recombination into the Gateway pDONR201 vector (Invitro-
gen by Life Technologies, Grand Island, NY). All primer sequences are
available upon request. After confirmation of the correct product by DNA
sequencing, the entry clone was recombined into the pDEST14 expression
vector (Invitrogen). The likely MCP was expressed by autoinduction. A
starter culture of Escherichia coli BL21(DE3)/pLysS cells containing the
MCP gene in pDEST14 was used to inoculate 500 ml of ZYP-0.8G plasmid
growth medium (31). After 20 h of growth at 37°C with shaking, the cells
were harvested by centrifugation at 5,500 � g for 10 min. The cell pellet
was resuspended in 5 ml/g of cell pellet of lysis buffer (20 mM Tris and 400
mM NaCl [pH 8.0]) with 0.1 mM phenylmethylsulfonyl fluoride (PMSF),
lysed with three passages through a Microfluidizer (Microfluidics Corp.,
Westwood, MA), and clarified by centrifugation at 22,000 � g for 20 min.
The supernatant was incubated at 65°C for 10 min, cooled on ice, and
clarified by centrifugation at 22,000 � g for 20 min. The supernatant was
applied to a gravity column containing a 1.5-ml bed volume of Ni-nitri-
lotriacetic acid (NTA) agarose, washed with 8 column volumes of wash
buffer (20 mM Tris, 400 mM NaCl, 10 mM imidazole [pH 8.0]), and

eluted in a solution containing 10 mM Tris, 50 mM NaCl, and 20 mM
imidazole (pH 8.0). The protein was applied to a calibrated Super-
dex-75 size exclusion column (GE Healthcare, Little Chalfont, United
Kingdom) equilibrated with 10 mM Tris (pH 8.0) and 50 mM NaCl.
Purified protein was stored at �20°C.

Protein purified by size exclusion was diluted to 0.1 mg/ml in 1�
phosphate-buffered saline (PBS) (pH 7.5), followed by 1:1 dilution with
Hunter’s adjuvant, and 100 �l of the mixture was injected intramuscularly
into rabbits. Serum containing polyclonal antibodies to MCP was purified
with a protein A antibody purification column (Pierce by Life Technolo-
gies, Grand Island, NY).

Quantitative PCR assay development. Quantitative PCR (qPCR)
primers were designed to target a 202-bp internal region of the MCP gene.
Purified plasmid pDONR201 containing the MCP gene was quantitated
by using a Qubit fluorimeter (Qiagen, Valencia, CA) and was used to
create qPCR standards ranging from 9 � 104 to 9E1011 copies/ml (1 fg/2
�l to 10 ng/2 �l). Quantitative PCR was performed by using SsoFast
EvaGreen supermix (Bio-Rad, Hercules, CA) on a Rotor-gene Q real-time
PCR machine (Qiagen).

Virus purification. Approximately 11 liters of CHAS hot spring water
was collected (2 September 2013), and cells were removed by in-line fil-
tration through a 0.4-�m polycarbonate filter (Millipore, Billerica, MA).
An iron precipitation method was used to concentrate viral particles (18,
32). Briefly, the pH of the hot spring sample was raised to pH 4.0 to induce
the formation of virus-trapping iron clusters, and the resulting precipitate
was collected by filtration onto a 0.8-�m polycarbonate filter (Millipore).
The iron precipitate was resolubilized in 50 ml of 250 mM ascorbic acid
(pH 2.5), and the sample was extensively dialyzed with 5 mM glycine (pH
2.5). Virus particles were subjected to isopycnic centrifugation using CsCl
gradients at 169,000 � g for 26 h in a Beckman SW41 rotor and an ultra-
centrifuge. Gradient fractions were screened for the presence of viral DNA
by qPCR. Positive fractions were pooled, loaded onto a second CsCl gra-
dient, and centrifuged at 238,000 � g for 5 h in a Beckman MLN-80
near-vertical rotor. Gradient fractions were screened for the virus by using
qPCR, and positive fractions were concentrated with a SpinX 100,000-
molecular-weight-cutoff (MWCO) filter concentrator (Corning, Corn-
ing, NY). Virus particles were stained with 1.5% uranyl acetate and im-
aged on a Leo912AB transmission electron microscope.

Sequencing and genome assembly. DNA was extracted from the
CsCl-purified virus-enriched sample by using the Purelink viral DNA/
RNA extraction kit (Invitrogen). One hundred nanograms of viral DNA
was sequenced by the University of Illinois Sequencing Center using the
Illumina MiSeq v3 system with paired-end reads (2 by 300 nucleotides
[nt]). The sequencing reads were assembled by using the Mira assembly
program (version 4.0.4) (33). Genome assembly statistics are available
upon request.

Genome annotation. Open reading frames (ORFs) were predicted by
using a combination of Glimmer (34, 35), the Geneious ORF calling pro-
gram (35), and hand curation. Homology of ORFs to known proteins was
determined by searching the NCBI RefSeq database using BLASTX (Jan-
uary 2015 release) (29). Additional protein homology prediction was
performed by using HHpred, a server for remote protein homology
detection based on the pairwise comparison profile of hidden Markov
models (36). The genome was searched for repeat regions by using
Repfind (37), PALINDROME (38), and e-inverted (38).

Western blot analysis. The CsCl-purified CHAS virus sample was
separated on a 15% SDS-PAGE gel and transferred onto a nitrocellu-
lose membrane. The membrane was washed with Tris-buffered saline–
0.05% Tween 20 (TBST) and blocked for 30 min with 5% blotting-
grade blocker (Bio-Rad) in TBST. Purified polyclonal MCP antibodies
were added at a 1:10,000 dilution and incubated for 4 h, followed by
overnight incubation with horseradish peroxidase (HRP)-linked goat
anti-rabbit secondary antibodies at a 1:10,000 dilution. The Western
blot was developed by using the Opti-CN colorimetric Western devel-
opment kit (Bio-Rad).
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Identification of MCP in environmental samples using mass spec-
trometry. CsCl-purified CHAS virus samples were separated on a 15%
SDS-PAGE gel and stained with Gelcode blue stain (Fisher Scientific,
Pittsburgh, PA). Major bands were excised, in-gel digested with trypsin
(39), and analyzed on an Agilent 6520 quadrupole time of flight (Q-TOF)
mass analyzer equipped with an Agilent 1290 �HPLC instrument. Peaks
were compared against an in-house database containing ORFs from 2008-
2010 CHAS viral metagenomic data sets by using the Mascot ion/ion
search program (Matrix Science, Boston, MA).

Host identification using the CRISPR/Cas system. The virus genome
was searched against the CRISPRfinder spacer database (40), which con-
tains spacer sequences from cellular CRISPR loci from all reported NCBI
bacterial and archaeal genomes, using BLAST. The resulting CRISPR
spacer sequence library was assembled onto the viral genome by using the
Geneious assembler (35).

Viral FISH, a dual virus-host labeling method using CARD-FISH.
Dual viral and cellular fluorescence in situ hybridization (viral FISH), a
dual virus-host labeling method using the catalyzed reporter deposition
fluorescence in situ hybridization (CARD-FISH) method, was adapted
from methods described previously by Allers et al. (41), using virus and
host probes linked to digoxigenin (DIG). The design of the 16S rRNA host
probes was described previously by Munson-McGee et al. (42). Four
250-bp probes to the new virus genome were created by using PolyPro
(43) and were designed to all have a matching hybridization temperature
for a given formamide concentration (67.7 to 70°C at 35% formamide).
Actual temperatures and formamide concentrations were empirically op-
timized. Primers specific for the ends of each probe were used to amplify
the full probe sequence from purified virus DNA, and probes were labeled
with DIG by using the PCR DIG probe synthesis kit (Roche). Cell fixation
and hybridization were performed according to protocols described pre-
viously by Allers et al. (41), with the following modifications: (i) cells were
fixed with 1% paraformaldehyde for 1 h at room temperature and washed
3 times with 1� PBS; (ii) fixed samples were placed into wells of glass
slides, air dried, and dehydrated with ethanol; (iii) wells were covered with
permeabilization solution (50 mM glucose, 20 mM Tris [pH 7.5], 10 mM
EDTA, and 0. 2% Tween 20) for 1 h on ice and washed with 1� PBS for 5
min and with H2O for 1 min; (iv) 20% formamide was used for probe
hybridization; (v) for CARD amplification, all samples were overlaid with
a solution containing 1� PBS, 10% dextran sulfate, 0.1% blocking reagent
(Roche, Nutley, NJ), 2 M NaCl, 0.0015% H2O2, and 0.33 �g/�l Alexa 488-
or Alexa 594-labeled tyramides and incubated at 37°C for 15 min for
cellular probes and 45 min for viral probes; and (vi) samples were embed-
ded with Vectashield containing 1 �g ml�1 4=,6-diamidino-2-phenylin-
dole (DAPI). Samples were imaged on a Leica TBS SP8 confocal micro-
scope fitted with a 63� oil immersion lens, and images were collected
sequentially by using the Leica DAPI, Alexa 488, and Alexa 594 channels.
Adobe Photoshop was used to merge images and to modify brightness and
contrast for clarity of presentation.

Acidianus sp. virus infection. Cultures of an Acidianus strain isolated
from CHAS (99% 16S rRNA gene identity to Acidianus hospitalis W1)
were kindly provided by M. J. Amenabar and E. S. Boyd (Montana State
University) (M. J. Amenabar and E. S. Boyd, unpublished data). The
strain, designated here Acidianus sp. strain CHAS, was grown anaerobi-
cally with colloidal elemental sulfur using an 80:20 H2-CO2 headspace in
synthetic base salts medium (44). The pH of the medium was 2.0, and the
cultures were incubated at 80°C. For virus infection, CHAS hot spring
water was filtered through a 0.6-�m polycarbonate filter (Millipore) to
remove cells and concentrated 250 times with a 100,000-MWCO SpinX
filter concentrator (Corning, Corning, NY). One milliliter of concen-
trated virus was injected into a 17-ml Acidianus sp. culture after 72 h of
growth. Samples were taken every 4 to 8 h for 62 h postinoculation. DNA
from each sample was extracted by using the Purelink viral DNA/RNA
extraction kit (Invitrogen) and used to track virus and host growth by
using qPCR (see below for details). The remaining sample was dialyzed
into 5 mM glycine (pH 2.5) for transmission electron microscopy (TEM)

imaging. At 62 h postinfection, the culture was passaged into fresh me-
dium, and samples were taken every 4 to 8 h postinoculation for 136 h and
processed as described above.

Acidianus sp. CHAS qPCR assay. For detection and quantification of
Acidianus sp. CHAS during growth, primers were designed for a 200-bp
fragment of the Acidianus hospitalis W1 beta lactamase domain gene
(GenBank accession number AEE93525). The product was amplified
from Acidianus sp. CHAS genomic DNA and cloned into the pCR2.1
TOPO vector (Invitrogen). The purified plasmid was used to create qPCR
standards from 9 � 104 to 9E1011 copies/ml. Quantitative PCR was per-
formed with SsoFast EvaGreen supermix (Bio-Rad) on a Rotor-gene Q
real-time PCR machine (Qiagen), using the primers described above.

Nucleotide sequence accession number. The complete sequence of
the ATSV genome has been submitted to GenBank under accession num-
ber KU645528.

RESULTS
Identification of a virus-like contig from a hot spring viral meta-
genome. A gene encoding a putative viral major coat protein
(MCP) was identified on an 8,655-bp contig assembled from the
January 2008 CHAS viral metagenome (sequencing and assembly
statistics are available upon request) by BLAST analysis of the
NCBI RefSeq database (17). The contig was found to contain sev-
eral ORFs with homology to Sulfolobus tengchongensis spindle-
shaped virus 1 (STSV1), a large spindle-shaped archaeal virus pre-
viously isolated from a hot spring in Tengchong, China (45). One
ORF within the contig was homologous to the STSV1 MCP. The
135-amino-acid (408-bp) ORF had 59% amino acid identity and
an E value of 4e�41 to the STSV1 MCP. A quantitative PCR
(qPCR) assay was developed by using primers and standards for
this MCP gene in order to track the purification of the new virus
directly from environmental hot spring samples. The qPCR assay
was linear in the range of 104 to 1011 genomes/ml.

Virus purification directly from CHAS hot spring water. Vi-
rus was purified directly from CHAS hot spring environmental
samples by using the MCP gene qPCR assay to track the virus.
Virus particle separation on CsCl gradients resulted in a single
peak with a density of 1.28 to 1.34 g/cm3, with a maximum peak
height observed at 1.32 g/cm3, which is within the range of known
virus densities (46). Examination of the CsCl gradient peak viral
fraction by TEM showed a large, spindle-shaped virion with a tail
extending from one end (Fig. 1). Occasionally, a second short tail
extending from the opposite end of the spindle-shaped head was
observed. The spindle-shaped head averaged 169 nm (�50 nm) in
length and 98 nm (�30 nm) in width, with a tail with a highly
variable length extending from one end. Tail lengths ranged from
35 to 720 nm and averaged 243 nm, and tails were 19 nm (�9 nm)
in width. Unlike Acidianus two-tailed virus (ATV), in which the
spindle head contracts as the tails extend, there was no correlation
between the spindle volume and the tail length in the isolated virus
particles (data not shown). Based on the virion morphology and
its cellular host (described below), we named this new virus Acidi-
anus tailed spindle virus (ATSV).

Viral genome assembly. DNA from the ATSV-enriched sam-
ple was sequenced by using paired-end MiSeq Illumina technol-
ogy. A circular double-stranded DNA (dsDNA) genome of 70,812
bp with 80� average coverage was assembled (Fig. 2). This assem-
bly was confirmed by PCR using PCR primers spanning the ma-
jority of the assembled genome.

Genome properties and annotation. The ATSV genome has a
GC content of 37.4%. Eighty-nine percent of the genome is cod-

Hochstein et al.

3460 jvi.asm.org April 2016 Volume 90 Number 7Journal of Virology

http://www.ncbi.nlm.nih.gov/nuccore?term=AEE93525
http://www.ncbi.nlm.nih.gov/nuccore/KU645528
http://jvi.asm.org


ing. A total of 96 ORFs were identified, encoding proteins with
predicted molecular masses ranging from 4.3 to 248.8 kDa (46 to
2254 amino acids) (Fig. 2). The ORFs use ATG (79 ORFs), TTG
(8), or GTG (9) as the start codon (see Data Set S1 in the supple-
mental material). Most ORFs (95%) appear to be preceded by
putative promoters with high AT content that are 5 to 21 bp long

and start 17 to 50 bp before the putative start codon. Additionally,
52 ORFs are preceded by a Shine-Dalgarno sequence 5 to 15 bp
before the start codon (see Data Set S1 in the supplemental mate-
rial). Genes are predicted to be transcribed on both strands, with
53 genes in the forward direction and 43 in the reverse direction.

BLASTX was used to analyze ATSV gene content (see Data Set

FIG 1 Transmission electron micrographs of large spindle-shaped virus particles with variable tail lengths isolated on cesium chloride density gradients.
Gradient fractions containing the large spindle-shaped virus particles also contained the MCP gene originally identified in the metagenomic data set by
quantitative PCR analysis. Bars, 100 nm.

FIG 2 Genome map of the ATSV 70,812-bp circular dsDNA genome showing 96 open reading frames (ORFs). ORF colors indicate BLAST homology to large
tailed spindle virus proteins (green), bacterial or archaeal proteins (purple), other archaeal virus proteins (blue), or the major coat protein (yellow) or no
homology (gray). Red, putative origin of replication; alternating dark purple/orange, interspersed repeat region; cyan, viral CRISPR locus.
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S1 in the supplemental material). ATSV has homology to mem-
bers of the large tailed spindle viruses (ATSV, STSV1 and -2, ATV,
and Sulfolobus monocaudavirus 1 [SMV1]) (47, 53). Twenty-one
ORFs show significant homology (�1 � 10�5) to proteins from
the above-mentioned viruses. ATSV is most similar to STSV1 and
STSV2, a close relative of STSV1, with 18 ORFs showing signifi-
cant homology (see Data Set S1 in the supplemental material). The
homologous ORFs show various levels of amino acid identity to
the large tailed spindle viruses, ranging from 27 to 74%. Some of
these ORFs have a putative function that can be predicted, includ-
ing a glycosyltransferase (D339), an integral membrane protein
(B530), the MCP (D135), two ATPases (F518 and D331), a thy-
midylate synthase (B293), and an integrase (C242) (see Data Set
S1 in the supplemental material). Interestingly, the ATSV genome
lacks most of the DNA-modifying proteins present in STSV1 and
STSV2 (45). Several of the ATSV ORFs have homologs in other
archaeal viruses, including 7 ORFs that make up a core set of genes
carried by all or most large spindle virus genomes (ATSV, STSV1
and -2, ATV, and SMV1) (see Data Set S1 in the supplemental
material) (48). These ORFs include the MCP (D135), a viral inte-
grase (C242), 2 ATPases (F518 and D331), and 3 genes of un-
known functions (F737, D1241, and B2246).

The ATSV genome reveals gene content with BLAST homol-
ogy to Archaea (including a 7-kDa binding protein, a CopG tran-
scriptional regulator, and two transposases), Bacteria [including a
poly(A) polymerase], or both Archaea and Bacteria (including a
methyltransferase, phosphoadenyl-sulfate reductase, phospha-
tase, MoxR ATPase, and AAA� ATPase) (see Data Set S1 in the
supplemental material). Additionally, all ATSV ORFs were com-
pared to the archaeal (ArCOG), bacterial (COG), and phage
(POG) Clusters of Orthologous Genes databases (49–51) by using
BLASTX with an E value cutoff of 1e�4. Twenty-two ORFs had
significant hits in ArCOGs, and 15 ORFs had significant hits in
bacterial COGs, 14 of which had corresponding ArCOGs (data are
available upon request). C450, the putative poly(A) polymerase,
showed a hit with a bacterial COG but not an ArCOG.

Two ATSV ORFs, E429 and D194, are likely derived from
transposable elements (see Data Set S1 in the supplemental mate-
rial). E429 has homology to a Sulfolobus islandicus TnpA trans-
posase protein (94% amino acid identity; E value � 3e�130), a
serine recombinase. D194 has homology to an Acidianus hospitalis
W1 TnpB transposase (92% amino acid identity; E value � 0) of
unknown function. Both proteins belong to the IS607 transposase
family and are often found next to each other in archaeal genomes.
Both ORFs have dozens of high-identity homologs (�80% amino
acid identity) in transposases from Sulfolobus, Acidianus, and Met-
allosphaera species. While mobile elements are absent in most
known crenarchaeal viruses, the large spindle viruses ATV, SMV1,
and STSV2 all contain at least two transposases (3, 52, 53), making
them a feature common to the archaeal large spindle viruses.

Additionally, a 342-bp nonautonomous mobile element con-
taining ORF D57 (genome positions 17249 to 17563) was found to
have 93% identity to SMN1, a Sulfolobus islandicus REN1H1 non-
autonomous mobile element (54). This mobile element is found
in most sequenced S. islandicus genomes, with as many as 13 cop-
ies per genome. The virus genome also contains the consensus
target sequence of TTT/A, into which the mobile element inserts
(54). Interestingly, SMV1 contains two copies of SMN2, a related
mobile element (52).

HHpred was used to determine more distal putative functions

of uncharacterized ATSV ORF gene products (36). Eighteen ORF
gene products were found to have homology to protein structures
in the Protein Data Bank (PDB) with a probability of 80% or
higher (see Data Set S1 in the supplemental material). These ORFs
have a wide variety of putative functions, including several DNA
binding proteins, an oligosaccharyltransferase, and a Sulfolobus
spindle-shaped virus adaptor protein.

HHpred also revealed several ORFs with homology to proteins
that are rare or absent in archaeal viruses (see Data Set S1 in the
supplemental material). These proteins include a flavin adenine
dinucleotide (FAD)-linked sulfhydryl oxidase, a flavorubredoxin,
both a toxin and an antitoxin, and a potential self-regulating mul-
tidomain protein. This multidomain protein (C581) contains a
leucine-rich repeat (LRR) domain at the N terminus (�99%
probability) and a region homologous to human CHMP3, an
ESCRT-III protein, at the C terminus (90.5% probability). The
two domains are separated by a region of high serine and threo-
nine content, suggesting that it serves as a posttranslational regu-
latory region. Finally, E355 has low homology by BLAST (E
value � 0.002) but very-high-probability homology by HHpred to
multiple proteins of the ParB family of chromosome and plasmid
partitioning proteins. ParA and ParB proteins have been observed
in bacteriophage genomes, including P1, along with a toxin/anti-
toxin system that aids in the passing of episomal prophages to
daughter cells using an addiction system (55, 56).

Analysis of intergenic regions. The ATSV genome contains
multiple repeat-rich intergenic regions. The first repeat region,
located between positions 9232 and 10146 in the virus genome,
contains a long string of interspersed repeats, with 24 repeated
38-bp sequences (Fig. 3A). Within each 38-bp repeat, there are
two conserved regions (13 bp and 8 bp) separated by two uncon-
served regions of 9 bp each (Fig. 3B). This type of repeat locus is
unique due to its short length, high number of repeats, and strict
conservation of repeat length. Similar repeat structures have not
been seen in other viruses, including the other large spindle vi-
ruses. The function of this unusual repeat locus is not known.

A second 645-bp-long intergenic region contains 5 inverted
repeats (Fig. 3C and D). By Z curve analysis (57), the intergenic
region corresponds to an MK disparity peak (A and C bases in
excess of G and T bases). A 115-bp stretch within this region also
has high AT content (bp 219 to 333; 79.1% AT content). This
combination of palindromic repeats, base pair disparity, and high
AT content points to a potential origin of viral genome replication
(57). Other archaeal viruses, including STSV1 and APSV1 (45,
58), also have putative origins of replication annotated based on
intergenic regions that contain similar features.

Identification of a short CRISPR locus within the ATSV ge-
nome. A CRISPR locus was found within the ATSV genome (ge-
nome positions 11703 to 11967), containing three complete direct
repeats (DRs) and one partial DR matching an A. hospitalis W1
Ahos-40 CRISPR locus (genome positions 1562889 to 1565199)
(Fig. 4A). Compared to the A. hospitalis W1 Ahos-40 consensus
DR, the first DR of the viral CRISPR locus is truncated, and the
other 3 DRs contain 1 to 2 mismatches (Fig. 4B). The spacer re-
gions between the DRs are of various lengths, and the CRISPR
spacers do not have significant hits in the NCBI database. This
viral CRISPR locus is found to be conserved in viral contigs related
to ATSV in viral metagenomes from CHAS and NL10, a related
hot spring (data not shown), suggesting that the viral CRISPR
locus is essential to the virus. In rare cases, other viruses encode
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CRISPR loci, sometimes with an intact system with adjacent Cas
genes (56, 59–61). In this case, no ATSV ORFs have homology to
Cas genes. The function of the ATSV CRISPR locus is unknown.

Linking the viral genome to virus particle morphology. Two
methods, mass spectrometry and Western blot analysis, were used
to link the large spindle-shaped virus particles to the viral genome.
Purified virus was displayed on SDS-PAGE gels, and the dominant
band was excised from the gel, digested with trypsin by in-gel
digestion, and analyzed by liquid chromatography-mass spec-
trometry (LC-MS) (Fig. 5A). The resulting in silico peptide masses
were compared to peptide masses from a database of viral ORFs,
including the 96 ORFs of the assembled viral genome, by using the
Mascot tandem mass spectrometry (MS/MS) ion search engine. A
significant peptide match to D135, the putative MCP, was identi-
fied with a Mascot score of 50 (Fig. 5B). In a parallel experiment,
Western blot analysis was performed by using polyclonal antibod-

ies to the heterologously expressed D135 MCP. The expected 14-
kDa dominant band was recognized by polyclonal antibodies to
D135, further confirming the link between the large spindle-
shaped, long tailed virus morphology; the putative MCP; and the
assembled virus genome (Fig. 5C).

ATSV host identification using the CRISPR/Cas system. A
bioinformatic search of cellular CRISPR/Cas systems was used to
identify possible ATSV hosts. Each cellular CRISPR locus contains
short 20- to 50-bp DNA sequences (termed CRISPR spacer DNA)
derived from invading elements, including viruses and plasmids.
The CRISPR spacer DNA sequences therefore provide a record of
a cell’s past viral infections. CRISPR spacers from reported ge-
nomes were identified by using CRISPRfinder (40), extracted, and
assembled onto the 70.8-kb genome. Acidianus hospitalis W1, an
archaeal species originally isolated from the Crater Hills thermal
area of YNP (62), has 10 CRISPR spacer matches to the 70.8-kbp

FIG 3 ATSV intergenic repeat locus. (A) Schematic of the locus. Purple triangles, repeat 1 (TGCACAXXAGCAA consensus); orange triangles, repeat 2 (TCA
ATAA consensus). Repeats 1 and 2 are each followed by 9 unconserved nucleotides. Gray arrows indicate surrounding ORFs. (B) MUSCLE (73) alignment of
interspersed repeat loci. (C) Schematic of the 645-bp putative origin of viral replication. Red triangles, inverted repeats; purple and gray arrows, surrounding
ORFs. (D) Sequences of the 5 perfect inverted repeats. Genome positions are indicated on the left.

FIG 4 Putative viral CRISPR locus. (A) Schematic of the intergenic region containing the CRISPR locus. Direct repeats (DR) are in cyan and surrounding ORFs
are in gray. (B) ClustalW alignment of the DR sequences from the A. hospitalis Ahos-40 CRISPR locus and the ATSV short CRISPR locus.
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genome, with 7 of these being perfect matches (data are available
upon request), making A. hospitalis W1 a likely host. The CRISPR
spacer matches are distributed across the virus genome. Addi-
tional CRISPR spacer matches with 2 to 5 mismatches were found
for Sulfolobus islandicus REY15A, S. islandicus L.D.8.5., Metal-
losphaera sedula DSM 5348, and Sulfolobus solfataricus 98-2, indi-
cating that the virus could have a broader host range.

Dual virus and host labeling by CARD-FISH (viral FISH). A
dual virus-host fluorescence labeling technique using CARD-
FISH was used to confirm that A. hospitalis W1 is a host for ATSV.
Independent hybridization of horseradish peroxidase-conjugated
DNA probes to the A. hospitalis 16S rRNA gene and of DIG-la-
beled DNA probes to the viral genome allowed signal amplifica-
tion of a fluorescently labeled tyramide (red for the virus and
green for the host). Probes were hybridized to concentrated, fixed
environmental cells directly obtained from the CHAS hot spring.
Colocalization of the two colors was used as an indication of ATSV

infection. It was found that A. hospitalis cells colocalized with
ATSV genome probes, indicating that A. hospitalis is present in the
hot spring, and that a subset of the A. hospitalis cells contains viral
DNA (Fig. 6). Controls using ATSV probes in combination with
probes to other archaeal species found in CHAS (Stygiolobus sp.
and Vulcanisaeta sp.) did not show colocalization.

ATSV replication in Acidianus hospitalis cultures. Based on
the results of CRISPR spacer sequence matches and viral FISH
analysis, we tested the ability of ATSV to establish virus replication
in an Acidianus strain (Acidianus sp. CHAS) isolated from CHAS
that was closely related at the level of 16S rRNA gene homology to
A. hospitalis W1. After infection of an Acidianus sp. CHAS culture
with filtered, concentrated virus obtained directly from a CHAS
environmental sample, a 3-fold increase in the level of ATSV DNA
was measured by qPCR, and long-tailed, large spindle-shaped vi-
rus particles, similar to those seen in CsCl-purified environmental
virus samples, were visible by TEM (Fig. 7A). The initial virus-
infected culture was grown until 62 h postinfection and passaged
into fresh medium. Virus and host were measured over a 136-h
time course. The passaged cultured showed an 84- to 97-fold in-
crease in virus production for two replicates (Fig. 7B). The peak
level of viral DNA was seen after the peak and decline in the levels
of cellular DNA, indicating the possibility of a lytic life cycle. Virus
particles were again observed by TEM. No other virus-like particle
morphologies were observed.

DISCUSSION

We report here the development of a workflow beginning with
environmental viral metagenomic data sets to isolate and initially
characterize a new archaeal virus directly from environmental
samples. The developed workflow includes bioinformatic identi-
fication of a virus MCP, qPCR assays to track virus purification
directly from environmental samples, mass spectrometry to link
isolated virions to genomes, and analysis of the cellular CRISPR/
Cas loci and viral FISH assays for host identification. Through this
workflow that is not strictly dependent on traditional culture-
dependent virus isolation techniques, we have isolated and char-
acterized ATSV, a new large spindle-shaped archaeal virus from a
high-temperature acidic hot spring located in YNP.

Our data support assigning ATSV as a new member of the

FIG 6 Viral FISH analysis of dual ATSV and Acidianus hospitalis fluorescence labeling by CARD-FISH. (A) A. hospitalis 16S rRNA-labeled cells. (B) ATSV-
labeled cells. (C) Overlay of DAPI-stained cells (blue), A. hospitalis 16S rRNA-labeled cells (green), and ATSV-labeled cells (red). Examples of cells with
colocalization of ATSV and A. hospitalis are indicated by red boxes.

FIG 5 Identification and analysis of the ATSV MCP. (A) SDS-PAGE analysis
of ATSV-enriched cesium-purified virus. Known amounts of the heterolo-
gously expressed D135 MCP shown are for comparison. MW, molecular
weight (in thousands). (B) ATSV D135 MCP amino acid sequence. The pep-
tide identified by mass spectrometry is indicated in red. (C) Parallel Western
blotting using primary antibodies to the heterologously expressed D135
protein.
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archaeal large spindle viruses that include ATV, STSV1, STSV2,
and SMV1. These viruses share the common characteristics of a
large, spindle-shaped body; a variable-length tail extending from
one or both ends of the main virion body; and a set of 7 core gene
products, including the major coat protein, an integrase, multiple
ATPases, and several uncharacterized proteins with features such
as coiled-coil motifs, repeats, and transmembrane domains. Our
data support the inclusion of ATSV into a new family of archaeal
viruses with the proposed name Fusellocaudaviridae and into a
superfamily named Magnusfuselloviridae with STSV1, STSV2,
SMV1, and ATV.

Analysis of the ATSV 70.8-kb circular dsDNA genome, one of
the largest archaeal virus genomes to date, reveals many remark-
able features. Hidden Markov model-based homology searches
using HHpred, which searches alignments instead of individual
proteins in order to find more distal hits, expand our understand-
ing of possible ATSV gene functions. The most striking result
comes from C581, a large, 3-domain protein. Despite low se-
quence homology (13%), the N-terminal 188 residues revealed
100 high-probability (�99%) hits to LRR domains. LRR proteins
have multiple functions, but many function in protein-protein or
other protein-ligand interactions (63, 64). The top HHpred score
(99.9%) is for the LRR domain of Arabidopsis thaliana FLS2 (65).
The A. thaliana LRR domain was shown to interact with a second
LRR domain of the BAK1 protein, a serine/threonine kinase. In
the case of ATSV, the LRR domain is followed by a string of 233
amino acid residues made up almost exclusively of serines (98
residues), threonines (73 residues), prolines (27 residues), and
glutamines (16 residues). Typically, such serine/threonine-rich
regions serve as regulatory regions controlled by phosphorylation.
The genome of the ATSV cellular host A. hospitalis has 9 annotated
serine/threonine kinases and 2 homoserine kinases, which could
potentially phosphorylate this region (62). Finally, the C termi-
nus of C581 is predicted by HHpred analysis to be an ESCRT-
III-related protein. A 53-residue section in the middle of the
140-residue C-terminal domain has 90.5% and 89% probabil-
ity matches to two versions of the human charged multivesicu-
lar protein 3 (CHMP3) crystal structure (PDB accession num-
bers 5GRD and 3FRT). CHMP3 is an ESCRT-III protein that
complexes with other CHMP proteins and the VPS4 ATPase to aid
in membrane budding and scission (66). In eukaryotes, the
ESCRT system has many functions, including multivesicular body

formation, cytokinesis, macroautophagy, and virus budding.
ESCRT-I and -II systems are involved in membrane budding,
while ESCRT-III proteins are involved in membrane scission (66).
Most Archaea, including A. hospitalis, have an ESCRT-III system,
including a CHMP3 homolog that has been shown to be essential
for cell division by forming filaments that constrict the cell (67,
68). The region of CHMP3 with homology to C581 is the
dimerization region and has a helix-turn-helix motif. While it
is unlikely that this 53-residue region is sufficient to
functionally mimic ESCRT-aided cell division, we speculate
that it could act as an adaptor protein (or as a transdominant
negative effector) interacting with the host cell division
machinery, affecting cell division, and creating a biochemical
environment for virus replication. Both the N-terminal LRR
region and the serine/threonine-rich middle region of the
protein have the potential for protein-protein interactions, so
it is possible that the ESCRT-III domain of C581 directs a
protein complex to the area of cell division. While both
eukaryotic and archaeal viruses have been shown to hijack the
ESCRT system to aid in virus budding and egress (66, 69), this
would be the first instance of a virus encoding its own ESCRT
homolog. Future studies are needed to confirm interactions
with ESCRT machinery, identify cellular and viral binding
partners, and elucidate the role of possible posttranslational
phosphorylation modifications of the serine/threonine-rich
region.

In addition to its interesting gene content, ATSV contains
three intergenic regions, all with different types of repeat struc-
tures. One region of interest is a short CRISPR locus (Fig. 4).
Although it is not common, CRISPR loci have been identified in
other viruses. Five Vibrio cholerae ICP-1-related phages were
found to carry functional CRISPR/Cas systems, with 2 CRISPR
loci and 6 cas genes (60). The majority of spacers have 100% iden-
tity to a phage-inhibitory chromosomal island, which protects the
bacteria from phage infection. The phage CRISPR/Cas system was
shown to successfully degrade the island, overcoming the host
antiviral defense. Some of the CRISPR spacers matched separate
viral contigs, indicating a possible mechanism for virus-virus
competition. In the case of ATSV, the spacers do not match other
known viruses or the host DNA. We speculate that the CRISPR
spacer could be targeted to an as-yet-unknown competing virus

FIG 7 Acidianus sp. strain CHAS infection by ATSV. (A) TEM images of viruses from Acidianus sp. CHAS cultures infected with filtered, concentrated CHAS
hot spring water show large tailed spindle-shaped virus particles. Bars, 100 nm. (B) Growth of ATSV and Acidianus sp. CHAS in a passage of primary Acidianus
sp. CHAS infection. ATSV (gray) and Acidianus sp. CHAS (black) DNA signals were measured by qPCR.
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or, alternatively, that it acts as an RNA decoy to prevent the
CRISPR/Cas system from targeting the ATSV genome.

A second 645-bp intergenic region (Fig. 3C and D) may func-
tion as an origin of viral genome replication. Like STSV1, the
region has high base pair disparity (MK disparity) and a series of
inverted repeats. MK disparity peaks are seen at the origins of
replication for several archaeal species, including Pyrococcus abyssi
GE5 and Sulfolobus acidocaldarius DSM 639 (57). The intergenic
region also contains 5 stem-loop structures. Stem-loops are im-
portant for DNA replication in many organisms, both for protein
target recognition and for access to single-stranded DNA for rep-
lication initiation (57).

The final ATSV intergenic region contains 24 repeats, each
containing two short conserved regions (7 bp and 13 bp), each
separated by an unconserved region (9 bp and 10 bp) (Fig. 3A and
B). The high number of repeats and the layout of the locus have
not been previously observed. While similar to CRISPR loci in that
repeats are separated by unconserved spacers, the significantly
shorter lengths of ATSV repeats and unconserved regions (7 to 10
bp for ATSV versus 20 to 50 bp for CRISPRs) and the alternative of
two types of repeats make the ATSV locus quite different from
CRISPR loci. The function of this region is not known.

ATSV encodes a tyrosine recombinase-type integrase with
85% identity to the SMV1 integrase, 75% identity to the ATV
integrase, and 43% identity to the STSV1 and STSV2 integrases.
While ATV has been shown to integrate into the host chromo-
some, STSV1 and STSV2 have not been found to integrate. Given
the higher homology to and similar length as the ATV integrase, it
is possible that ATSV might integrate into the host chromosome
and exist in a lysogenic state. Combined with the observation of a
host peak signal before the virus peak signal (suggesting lysis), it is
possible that, similar to members of the Fuselloviridae (70), inte-
gration is not essential but instead is one of two modes of the virus
life cycle.

The tools and experimental approaches described in this work
could be generally applied to the discovery and initial character-
ization of viruses from diverse environments. The extension of
analysis beyond viral metagenomic data sets alone to include
other techniques to allow complete genome sequencing, virus iso-
lation, and host identification directly from environmental sam-
ples greatly extends the utility of viral metagenomic data sets. Even
though many of the tools and approaches described here have
been used by others in isolation (21, 28, 41, 71, 72), no other
studies to our knowledge have combined them to identify and
initially characterize a new virus starting with only viral metag-
enomic data. To our knowledge, this is the first example of linking
a virus genome to both particle morphology and a host with con-
firmation by culturing, effectively closing the viral metagenomic
loop.
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